The first in vivo sodium and proton magnetic resonance (MR) images and localized spectra of rodents were attained using the wide bore (105 mm) high resolution 21.1-T magnet, built and operated at the National High Magnetic Field Laboratory (Tallahassee, FL, USA). Head images of normal mice (C57BL/6J) and Fisher rats (∼250 g) were acquired with custom designed radiofrequency probes at frequencies of 237/900 MHz for sodium and proton, respectively. Sodium MR imaging resolutions of ∼0.125 μl for mouse and rat heads were achieved by using a 3D backprojection pulse sequence. A gain in SNR of ∼3 for sodium and ∼2 times for proton were found relative to corresponding MR images acquired at 9.4 T. 3D Fast Low Angle Shot (FLASH) proton mouse images (50×50×50 μm 3 ) were acquired in 90 min and corresponding rat images (100×100×100 μm 3 ) within a total time of 120 min. Both in vivo large rodent MR imaging and localized spectroscopy at the extremely high field of 21.1 T are feasible and demonstrate improved resolution and sensitivity valuable for structural and functional brain analysis.
Introduction
High magnetic fields expand our capability to observe and investigate in vivo biomedical processes via magnetic resonance of protons, sodium and other nuclei. Enhanced sensitivity and high resolution are especially attractive for many time-limited in vivo magnetic resonance imaging (MRI) studies particularly for sodium MRI [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] and in vivo localized spectroscopy [13] [14] [15] [16] [17] . The unique combination of the high magnetic field (21.1 T) and wide bore (105 mm) of the magnet built at the National High Magnetic Field Laboratory (NHMFL) represents an advancement in MR technology development and new opportunities for MR imaging [18] .
The increase of magnetic field strength has multiple effects on the results of MR imaging [19] [20] [21] [22] [23] [24] . First of all, a gain in MR sensitivity is expected, leading to an increased resolution of MR imaging within a decreased acquisition time. Another feature of high magnetic fields involves the increased susceptibility effects, which are proportional to the square of the magnetic field [20] . These effects can be used to enhance sensitivity to a variety of dynamic or functional in vivo changes. However, these simultaneously bring additional challenges for MRI.
The ultra-high-field MR imaging at the NHMFL was attained utilizing multiple steps in assessing and developing the essential experimental design. The increased resonance frequency combined with the size needed to accommodate in vivo large rodents makes the radiofrequency (RF) coil design a technically demanding project, with additional difficulties being created by the vertical orientation and considerable bore length of this magnet. Recent literature describes the use of single surface coils [25] and surface coils arrays for small animal imaging at 17.6 T [26, 27] . Here we show that volume coils can be used to achieve good results at 900 MHz.
In vivo proton localized spectroscopy as well as proton and sodium MR imaging of the mouse and rat brain have been accomplished using this large magnet and are presented below.
The magnet has a warm bore of 105 mm and is outfitted with an 18-channel room-temperature shimming insert (Resonance Research, Billerica, MA, USA) that creates a homogeneous area for MR imaging with a diameter of ∼40 mm and length of ∼50 mm. This magnet is equipped with a Bruker Avance console operated by ParaVision 5.0 and TopSpin 2.0 software.
Normal mice (C57BL/6J, ∼30 g) were initially selected as subjects for investigating the new MR imaging capabilities. Mouse imaging was performed using the Bruker actively shielded Micro-2.5 gradient coil with an internal diameter (ID) of 40 mm. In this case, Bruker Great60 gradient amplifiers had the capability to create a maximum gradient strength of 1.5 T/m with a rise time of 100 μs. Both proton (900 MHz) and sodium (237 MHz) mouse RF coils were implemented as single frequency inductively coupled Alderman-Grant (AG) designs [29] . The internal diameters and lengths of the mouse sodium and proton RF coils were 17.5 and 25 mm, respectively.
To assess the capability to perform MR imaging of large rodents, Fisher rats (∼175 g) were chosen. Rat MR imaging was achieved using the Bruker Mini-0.75 actively shielded gradient coil (ID=57 mm) that produces 0.45 T/m with Bruker Avance hardware. Large rodent MR imaging was performed with AG coils with an ID of 33 mm and length of 45 mm. Additional capacitive gaps were inserted into the proton coil to reduce the wavelength effects. All RF coils were equipped with the appropriately sized bite bar for either mouse or rat experiments. The bite bar was used to suspend the rodent vertically by the fore teeth, and additional body restraints were used to limit motion and provide support. Each RF probe could accommodate a rodent having a weight of up to ∼300 g and employed either a water heated blanket or warm air circulation to help the animals maintain their body temperature within the magnet.
Physiological monitoring of the animal was performed through the integration of a Small Animal Monitoring and Gating System (Model 1025, SA Instruments, Stony Brook, NY, USA) capable of recording respiration, body temperature, electrocardiogram and other parameters. The animal's breathing rate was continuously monitored and recorded during scanning using a pressure-sensitive sensor pad. No physiological triggering was used during MRI scans. Animals were anesthetized during MR scanning using a 1.5 % isoflurane mixed with oxygen. The mixture was supplied with the rate of ∼2 L/min through the hollow bite bar directly to the mouth and nose of the animal. Inside the RF coil, the mixture was blended with incoming air and all gases were evacuated at the edge of the coil, preventing their release in the surrounding areas. Animal experiments were conducted according to the protocols approved by the Florida State University Animal Care and Use Committee. Image processing was performed using ParaVision 4.0, Matlab 7.5 and Analyze 8.1 software.
Proton MRI
For mouse head imaging, three sets of coronal multislice images of a mouse head were obtained with an in-plane resolution of 50×50 μm, a slice thickness of 100 μm and an interslice gap of 50 μm. The images were acquired using a 2D gradient-recalled echo pulse sequence (Fast Low Angle Shot [FLASH] ) with repetition/echo time (TR/TE)=750/5.4 ms, flip angle 30°, number of slices (NS)=35, field of view (FOV) =17×15 mm 2 , matrix=340×300, spectral width (SW)=50 kHz and number of accumulations (NA)=8. To cover continuously the space, the second and third datasets were acquired, while being shifted 50 and 100 μm, respectively, in the slice direction. Three data sets acquired during acquisition were interleaved to form one isotropic 3D image with an apparent resolution of 50 μm in the slice direction and a true resolution of 50 μm in the other two directions. The acquisition time for each multislice set was ∼30 min.
For rat head imaging, the same approach was applied and the three sets of coronal images of the rat head were obtained using a gradient-recalled echo pulse sequence with TR/ TE=1200/5.57 ms, NS=27, FOV=30×26 mm 2 , matrix=300×260 and NA=8. The in-plane resolution was 100×100 μm, the slice thickness was 200 μm, and the gap between slices was 100 μm. As with mouse imaging, the positions of the second and third multi-slice set of images were shifted relative to the first image set by 100 and 200 μm, respectively, to achieve an apparent resolution of 100 μm in a slice direction.
Sodium MRI
Mouse sodium MR images were acquired using a gradient-recalled echo 3D back-projection pulse sequence. Asymmetrical echo acquisition (P=20 %) was used to achieve an echo time of 1.3 ms in order to capture a maximum of the sodium signal. The other imaging parameters included a number of complex points in readout (RO) direction NP=64, a total of 64 planes containing 64 profiles each were acquired with FOV=32 mm, SW=20 kHz, TR=60 ms, NA=16. A comparable set of parameters were used for rat sodium imaging. It was also performed using a back-projection 3D pulse sequence with a matrix of 128 complex points in the RO direction and 64×64 orientations, FOV=64 mm, SW=30 kHz, TR/TE=80/1.3 ms and NA=16.
Localized MR spectroscopy
The following parameters were used for acquisition: voxel size was 43 μl, TR/TE=5000/19.7 ms, NA=256, SW=6 kHz, NP=8192, three Hermite RF pulses were used with pulse duration of 0.51/0.45 ms for 90°and 180°pulses, respectively. The bandwidth of 90°and 180°pulses was 10.6 and 7.6 kHz, respectively, to provide the coverage of a whole spectrum. Water suppression was performed by the Brukerprovided variable pulse power and optimized relaxation delays (VAPOR) method [30] , and no outer volume suppression was used. Exponential line broadening of 8 Hz was applied before Fourier transformation to produce a final spectrum.
2.4.
Comparison of proton and sodium MRI between 9.4 and 21.1 T Sodium MR imaging experiments were performed for both a test sample and an in vivo rat head. The test sample was a 60-ml vial with 0.225% saline solution (39 mmol/L). The comparable size of rat (∼200 g) was used during in vivo sodium imaging. Sodium images at 9.4 T MRI scanner (Varian, Palo Alto, CA USA) were acquired using the same type of 3D back-projection pulse sequence as for the 21.1 T. At 9.4 T, a double-tuned RF coil was used with an internal diameter of 34 mm (Doty Scientific, Columbia, SC, USA). The sodium imaging parameters were FOV=64 mm, SW=10 kHz; acquisition of single profile in RO direction was accomplished by 64 complex points, and 128×128 projections were acquired at TR/TE=100/1.1 ms and NA=4.
The differences in proton MRI between two fields were evaluated only for a rat head in vivo using a multislice spin echo pulse sequence. The acquisition parameters were FOV 35×35 mm 2 , SW=58 kHz, matrix 256×256, slice thickness=0.41 mm, interslice distance=0.6 mm and TR/ TE=5300/18 ms; both RF pulses were three-lobe sinc pulses with a duration of 2 ms.
Results

In vivo rodent proton and sodium imaging
The results of high resolution mouse proton MR imaging are presented on Fig. 1 . The large blood vessels can be seen in detail going throughout the brain, including the intensive areas from the ventricles. The continuous multislice coverage in the slice direction allowed for a dramatic (∼10 times) decrease in the total acquisition time relative to a comparable standard 3D acquisition time, while still preserving the high signal intensity from the voxels. This time reduction is especially advantageous for in vivo applications for which the time for imaging is inevitably
limited. An average signal to noise ratio (SNR) of 38 was achieved for this type of mouse brain proton imaging.
Sodium mouse images were acquired with an echo time of 1.3 ms (Fig. 2) . The brain has noticeably increased its sodium content relative to the surrounding areas, and the large sodium content can also be seen in the ventricles and eyes. There was no detrimental effect from the asymmetric acquisition time on the sodium MR resolution; yet, a minor improvement in resolution was observed. However, at the very short echo times, some distortions of the images could appear and, thus, the echo times below TE=1.1 ms were usually avoided. A resolution of ∼0.125 μl was achieved within a total acquisition time of 55 min. The average SNR for sodium in a mouse brain was 28.
The rat proton MR images were acquired using the same aforementioned multislice acquisition mode (Fig. 3A and B) . Both 3D images show the presence of multiple small blood vessels detected as dark spots throughout the brain and demonstrate the capability of the present high resolution imaging at different parts of the rat head. The acquisition time for each set of images was ∼41 min. The average SNR throughout the rat brain was 42.
Rat sodium MRI was performed with a resolution of ∼0.125 μl, the same as for mouse imaging (Fig. 4) . Increased sodium content in the brain, ventricles and even the large blood vessels around the brain can be seen. The total acquisition time was 87 min. The average SNR of 47 was found for the rat brain in this sodium image set.
Rat brain in vivo localized spectroscopy
An in vivo localized Point Resolved Spectroscopy (PRESS) spectrum was acquired from the rat head, also using the volume RF coil which was covering the entire head of the rat. The voxel of 43 μl was placed within the striatum, laterally to the rat brain midline, excluding the lateral ventricles. The total scan time was 21 min (Fig. 5 ). Three experiments with three different animals were performed and a typical spectrum is presented in Fig. 5 . A wide separation between metabolites is the most attractive feature of the spectrum. The voxel average water line width was ∼35 Hz. It usually required FASTMAP shimming for a larger voxel size followed by a manual shim adjustment for the final voxel. Provisional assignment of MR peaks was made in accordance with published data [16] .
Comparison of sodium and proton MRI at 9.4 and 21.1 T
The gain in sensitivity was first evaluated for sodium MRI using a 60 ml vial with 0.225% saline solution. The concentration of sodium in the test sample was chosen because it is comparable to the in vivo sodium brain concentration (∼45 mM). Thus, the RF coil load was similar to the load for the rat head in vivo. The same test sample was used at both magnetic fields including the same parameters for the 3D back-projection pulse sequence. For a scan time of 28 min, the SNR at 9.4 T was 32, while for the 21.1 T, it was 109. The RF coil at 9.4 T was the "Doty Scientific" doubletuned Litz coil. The estimated efficiency for sodium detection was ∼90% relative to a single tuned RF coil at the same frequency (private communication, F.D. Doty). Taking this judgment into consideration, the resulting gain in sodium sensitivity was a factor of 3.1.
In vivo sodium MR images of rats gave another and more relevant measure of the sodium sensitivity gain between these two magnetic fields (Fig. 6) . The MR imaging parameters were the same as for the saline solution and the same for both magnetic fields. A noticeable advantage in sensitivity can be seen in the sodium image acquired at 21.1 T (Fig. 6A) . The sodium SNR within the striatum of the rat brain was 112 at 21.1 T and 34 at 9.4 T. Again taking into consideration the 0.9 efficiency factor for the double tuned sodium coil used at 9.4 T, the SNR gain at 21.1 T for in vivo rat sodium MRI is ∼3.0.
The gain in proton sensitivity at 21.1 T was evaluated only for in vivo MRI experiments shown in Fig. 7 . A reasonable coregistration was used to present the same part of the animal brain from two different scans. At the same MRI parameters, the 21.1-T image demonstrates more small Fig. 6 . In vivo sodium MRI of rat head at 21.1 T (A) and 9.4 T (B). Both MRI images were acquired using back-projection pulse sequence with the same imaging parameters. The isotropic resolution of images was ∼1 mm 3 . Fig. 7 . In vivo proton MRI of rat head at 21.1 T (A) and 9.4 T (B). Both MRI images were acquired using spin echo pulse sequence and the same imaging parameters. The resolution of images was 0.137×0.137×0.41 mm 3 .
features inside the brain which can be seen, for example, as multiple lines and dots from different blood vessels. For striatum of the rat brain, proton SNR at 21.1 T was measured to be 83, while at 9.4 T, it was only 30. The double-tuned 9.4-T RF coil used in this study had a proton channel with an efficiency of about 75% relative to a single tuned proton coil of the same size (private communication, F.D. Doty). Thus, the final gain in proton sensitivity is approximately 2.1. The difference in sodium T 1 relaxation times between 21.1 and 9.4 T was evaluated using a saturation recovery method. For sodium saline solution of 0.9 % (155 mmol/L) the fitting of the data with an exponential function gave a 23 Na T 1 of 54.2 ± 0.4 ms. At 9.4 T, the T 1 relaxation time for the same saline sample was 53.1 ± 0.9 ms (n=3). The doubletail P value (analysis of variance) is 0.89 here indicating that the difference between these T 1 values is statistically nonsignificant.
For in vivo T 1 measurements, a sodium signal from a whole head was used. The sodium T 1 relaxation curve was fitted by a single exponential function and yielded a T 1 of 39.1 ± 0.6 ms at 21.1 T. For the 9.4-T magnet, the corresponding measurement gave T 1 of 39.5 ± 0.7 ms (n=3). The in vivo difference in sodium T 1 was again statistically nonsignificant (P = .8).
Discussion
Proton MRI
The MR images presented in this study demonstrate the initial results using an ultra high field of 21.1 T for the in vivo studies of rodents. MR images at a high magnetic field yielded enhanced resolution and the capability to detect many small brain features. The resolution of the proton MR images was sufficient to identify blood vessels in the mouse brain with a diameter of ∼100 μm, which can be seen throughout the brain as areas with signal hypointensities (Fig. 1) . Rat proton images (Fig. 7) demonstrate a more enhanced sensitivity to the susceptibility differences (or T 2 * ) inside an animal brain at 21.1 T, which may help in distinguishing brain anatomy features. No motion compensation was used in the present imaging experiments; thus, some blur of MR images could be present because of the incidence of in vivo motion [31] .
It was our intention to reach a maximum available resolution using a volume coil during the limited time available in vivo. The selected resolutions of our MRI scans were limited by two factors. The first factor was our gradient coil, which did not allow us to have less than a 50-(mouse) or 100-μm (rat) slice thickness for a long scan time. Secondly, the close spacing of thin slices was introducing extra losses to the MR signal. The implementation of three multislice set imaging allowed us to achieve the currently presented resolution. Further improvement in resolution could be reached by using a surface coil or multi-coil RF probe design.
All animals were sedated during the MRI experiments, and no visible changes in their behavior were observed after our MRI scans. Nevertheless, the effects of strong magnetic fields on rodents are unknown, especially without anesthesia and, therefore, are under investigation by others [32, 33] .
Sodium MRI
High resolution sodium images of the mouse demonstrate a large variability in sodium intensity throughout the mouse and rat brains. An increase in sodium is noticeable at the edges of the brain in the cortex areas. The most intense sodium signals can be seen in the ventricular cerebrospinal fluid, large blood vessels and eyes.
Measurements of sodium T 1 relaxation times at two different fields showed practically no change in relaxation times for saline, as well as for in vivo sodium. Thus, at short echo times, usually used for sodium MRI, it is anticipated that the high field sodium images will gain mainly in sensitivity and the sodium image contrast will be unaffected (Fig. 6 ). The absence of field dependence in T 1 relaxation time can often be found in situations when the relaxation mechanism is based on the modulation of quadrupolar interactions [34] and was also demonstrated for 17 O [35] . It was especially interesting to obtain the initial valuation of the high field gain in sensitivity for both sodium and proton MRI. The in vivo RF coil load for sodium is usually less than for proton and the corresponding SNR gain was expected to be higher for sodium than for proton MRI. It was anticipated that the sensitivity gain for sodium would have a field dependence greater than B 0 and less than B 0 7/4 [36] . In other words, the sodium MR signal sensitivity at 21.1 T was expected to be greater than 2.2 and less than 4.1 times relative to the 9.4 T. Thus, for the measured high field sensitivity, gains for sodium in saline solution and during the in vivo rat MRI were well within the expected range. However, for nuclei with low gyromagnetic ratios, one can still expect close to the power of 7/4 enhancement in sensitivity with the magnetic field, as was observed for oxygen by others [35] . The high field gain in proton sensitivity was 2.1 which is only slightly less than 2.25, which is expected from linear gain with field strength [37] .
PRESS localized spectroscopy
The large frequency range of the proton MR spectrum at 21.1 T requires short and high power for RF pulses to cover the entire frequency range without losses. Very short RF pulses of 0.41 ms and power transmission of 1 kW were used in our case. The use of a volume coil resulted in a lower sensitivity than would be expected for a surface coil. However, these experiments illustrate the main features of in vivo spectrum at 21.1 T. Sensitivity could be further improved by using corresponding surface RF coils which was beyond our initial goals. In comparison to the 9.4 T [30, 38] , more metabolites close to the water peak can be detected at 21.1 T, such as separate peaks for phosphocholine (PCho) and GPC, as well as an N-acetylaspartate (NAA) peak. Our first localized spectra are comparable to the results received at 14.1 T, but in their case, a surface RF coil was used for MR detection [16] . Typical water line at 21.1 T was ∼35 Hz, which is much larger than a corresponding value of ∼17 Hz at 14.1 T [16] for a comparable voxel size of ∼50 μl. It is also noticeable that line width of metabolites are larger at 21.1 T than at 9.4 T. This tendency could be expected because of an increased contribution of susceptibility differences to MR signals from the brain tissue. However, the large splitting between metabolites and sensitivity are encouraging. We anticipate that an improved line width could be attained at 21.1 T by using more powerful second order shims. The currently used second order shims were several times weaker than the suggested custom designed shims used at 9.4 T by others [38] . Altogether, MR localized spectra in vivo demonstrate a reproducible performance of an ultra high field magnet of 21.1 T.
Conclusion
In vivo sodium and proton MR images of small and large rodents together with PRESS rat brain localized spectroscopy were attained using the ultra high magnetic field of 21.1 T. The high resolution in vivo MR images demonstrate the advanced MR sensitivity and imaging resolution that can be achieved in the limited time available for in vivo studies. The novel MR imaging capabilities are especially advantageous for non-proton nuclei, where the gains in sensitivity are much higher than for proton. The very important feature of the present 21.1 T magnet is its wide bore. Rat animal models are often used in many biomedical research projects. The capability to perform in vivo imaging of large animals, such as rats, at an ultra high magnetic field is expanding the frontiers for biomedical research. The NHMFL is a user facility and its high field MR imaging capabilities are available to scientists by means of a formal proposal submission and approval process.
